Disentangling the contemporary and historical factors underlying the spatial distributions of 25 species is a central goal of biogeography. For species with broad distributions but little capacity 26 to actively disperse, disconnected geographic distributions highlight the potential influence of 27 passive, long-distance dispersal (LDD) on their evolutionary histories. However, dispersal alone 28 cannot completely account for the biogeography of any species, and other factors-e.g., habitat 29 suitability, life history-must also be considered. North American ice worms (Mesenchytraeus 30 solifugus) are ice-obligate annelids that inhabit coastal glaciers from Oregon to Alaska. Previous 31 studies identified a complex biogeographic history for ice worms, with evidence for genetic 32 isolation, unexpectedly close relationships among geographically disjunct lineages, and 33 contemporary migration across large (> 1,500 km) areas of unsuitable habitat. In this study, we 34 analyzed genome-scale sequence data for most of the known ice worm range. We found clear 
role in plant and invertebrate LDD [e.g., 10, 11], however, in most cases, the resulting LDD is 48 limited to less than 10 km. For more extreme LDD events (e.g., greater than 100 km), the most 49 common animal vector is likely migratory birds, as they seasonally move by the millions over 50 broad spatial scales and geographic barriers, visiting similar habitats along the way [12, 13] . 51
Through this mechanism, dispersal units (e.g., whole organisms, eggs, seeds, etc.) may be 52 ingested and dispersed after passing through the digestive tract [9] or by directly adhering to the 53 bird's exterior [12] . Thus, as long as there is an opportunity for migratory birds and dispersal 54 units to interact, the opportunity also exists for LDD. Physically quantifying LDD is difficult, 55 however, because it requires real-time sampling and searching (internal and external) of 56 migrating birds for hitchhiking dispersers. Moreover, because rare migratory events can affect 57 species distributions [14] and influence genetic differentiation among populations [15] , even 58 thorough physical surveys of migratory birds that find no evidence for LDD cannot rule out its 59 presence. Therefore, alternative approaches for detecting and characterizing LDD should be 60 employed. Because population genomic tools are well-suited to detecting gene flow and genetic 61 structure among populations [e.g., 16 ], these tools are also well-suited to the indirect detection of 62 LDD, even in the absence of field observations. 63
Many mechanisms influence genetic relationships among taxa and a range of factors 64
should be considered when attempting to reconstruct biogeographic patterns. For instance, pulses 65 and contractions of glaciers and ice sheets have shaped the evolutionary histories of populations 66 and species throughout Earth's history [17] [18] [19] [20] . These ice sheet dynamics typically affect 67 organisms by separating and reconnecting populations as ice cover changes. However, some 68 species are directly tied to ice sheets [e.g., the meltwater stonefly, 17, 21] and are therefore much 69 more susceptible to ice sheet influence on their evolutionary trajectories. Perhaps no species is 70 more directly tied to ice sheets than glacier ice worms, Mesenchytraeus solifugus in North 71
America [22] and Sinenchytraeus glacialis in Tibet [23] . The geographic range of M. solifugus 72 (hereafter "ice worm") follows a coastal arc from the Chugach Mountains in southeast Alaska to 73 the Cascade Volcanoes of Washington and Oregon [24] . Ice worms cannot tolerate temperatures 74 more than roughly ±7 °C from freezing and require glacier ice for survival and reproduction [25] . 75
With such unique ecology and physiology, and a dispersal-limited life history, the evolutionary 76 history of ice worms since diverging from conspecifics [26, 27] should be relatively simple with 77 gene flow occurring during glacial periods and isolation (paired with genetic drift) driving 78 divergence among mountaintop-isolated populations during interglacial periods. Natural systems, 79 however, are often more complex than expected and indeed, the evolutionary history of ice 80 worms challenges general expectations of gene flow and evolutionary dynamics in ice-81 dominated, mountain ecosystems. 82
Previous genetic studies based on one or two genetic markers identified three ice worm 83 lineages: a "northern" clade in southern Alaska, a "central" clade in southeast Alaska and 84 northern British Columbia, and a "southern" clade ranging over much of British Columbia to 85 southern Oregon [24, 25, 27] . Surprisingly, phylogenetic evidence supported the northern and 86 southern lineages as being most closely related to one another despite the central clade separating 87 them geographically. The most curious aspect of ice worm biogeography, however, has been the 88 repeated discovery of closely related ice worms on glaciers several hundred to thousands of 89 kilometers south of their closest genetic relatives [25, 27; P. Wimberger, unpublished data] . 90
These disjunct northern ice worms co-occurred with, but appeared genetically distinct from, their 91 conspecifics (either central or southern clade ice worms) on the same glaciers. Dial et al. [25] 92 laid out three possible explanations for this pattern: wind transport, passerine-mediated dispersal, 93 or a more extensive previous range of the northern clade. While wind transport seems unlikely, 94 the potential for passerine-mediated dispersal is reasonable, particularly in light of other 95 examples of bird-mediated LDD [e.g., 7, 28] . The third scenario, a more extensive distribution of 96 the northern clade with holdover lineages inhabiting the same glacier as more recent colonizers 97 could indeed result in more than one distinct lineage on the same glacier. However, this pattern 98 may only apply to mitochondrial DNA (mtDNA) since mtDNA is maternally inherited and does 99 not recombine. For the nuclear genome, unless strong reproductive isolation exists between the 100 holdover lineages and more recent colonizers, genetic differences would be rapidly homogenized 101 by gene flow and recombination. Assuming no selection against migrants, a reasonable 102 expectation given the similarity of habitat across the ice worm range, the frequency of 103 contemporary versus historical mtDNA haplotypes would therefore depend upon time since 104 introduction, scale of migration (i.e., number of introduced haplotypes), and chance. 105
In this study, we leveraged a modern population genomic toolkit to add new perspective 106 to the age-old challenge of identifying LDD in wild populations. We also provide new insight 107 into how multiple factors can interact to shape the evolutionary history of species. We 108 hypothesized that the biogeographic history of ice worms stemmed from a confluence of factors: 109 extreme LDD, glacier dynamics, and mountaintop isolation. To test this hypothesis, we 110 generated a genome-wide single nucleotide polymorphism (SNP) data set to answer three possibly precipitating an ongoing speciation event. Broadly, our findings highlight the power for 123 population genomics to capture contemporary evidence of LDD while also providing 124 biogeographic evidence for reconstructing the glacial history of a region. 125 performed with a Pippen Prep (Sage Science), and both sample groups were subsequently 140 amplified using PCR primers containing a group-specific barcode. The 59-sample library was 141 sequenced on one lane of an Illumina HiSeq4000 at the University of Illinois High-Throughput 142
Sequencing and Genotyping Unit with single-end, 100 bp chemistry. 143
Raw reads were demultiplexed, quality-filtered, and ddRAD loci were assembled de novo 144 using the process_radtags and denovo_map functions of the Stacks v1.46 pipeline [33] . We 145 allowed a maximum distance between stacks of 2 and a minimum read depth of 10. Next, we 146 applied a stringent filtering scheme to identify high-confidence SNPs that were shared among 147 many individuals. We only included SNPs if they were present in ≥ 5 populations, genotyped in 148 
161

Population genetic and phylogenetic analyses 162
For each population, we calculated nucleotide diversity (π), heterozygosity (Het), and the 163 inbreeding coefficient (FIS). We also calculated a pair-wise AMOVA FST for all population 164 Ocean differed between groups with a one-way ANOVA. 174
Population structure was inferred in two ways: a maximum likelihood-based method 175 using ADMIXTURE 1.3.0 [38] and a discriminant analysis of principal components (DAPC) 176 with the R package adegenet [39] . ADMIXTURE analyses were performed with default settings, 177 a range of clusters (K) from 1-12, and 25 replicates per K with the current time as the random 178 seed. The cross-validation (CV) error for each K was plotted to identify the best-fit K (minimized 179 CV across the mean of all replicates for each K). After identifying the best-fit K, we considered 180 the replicate that minimized CV across all 25 replicates for all K's to be the best-fit solution 181 overall. However, because all runs did not converge on the same result, we also inspected best-fit 182 solutions for other replicates of K = 7 (the best-fit K overall) to clarify the distribution of best-fit 183 solutions. For DAPC, we first used the find.clusters function to identify the optimal K [i.e., the K 184 with the lowest Bayesian Information Criterion (BIC)]. Next, to avoid over-fitting of the model, 185
we retained the appropriate number of principal components (PCs) according to the α-score [PCs 186 retained = 6, Fig. S2 ]. We performed a final DAPC analysis using the best-fit K and optimal 187 number of PCs identified in the previous two steps. 188 We extended our population structure analyses to infer both shared ancestry and 189 
Demographic modeling 202
To test hypotheses of demographic history and estimate divergence times for the two 203 major groups identified in our population genetic and phylogenetic analyses (I and II, see 204
Results), we performed demographic modeling. We used fastsimcoal2 v2.603 [43] which 205 leverages a coalescent-based model to estimate demography from the site frequency spectrum 206 (SFS). We designed and tested the fit of four two-lineage models ( Davidson; group II = Treaty). We also only retained loci with no missing data, which yielded 213 2,714 SNPs across the eight individuals. For each model, we performed 50 replicate runs, each 214 with 100,000 simulations and 100 cycles of a conditional maximization algorithm. We specified 215 the nuclear mutation rate at 3.5E-9 per site per generation, based on the estimate for Drosophila 216 melanogaster [44] . To identify the best-fit model, we calculated an Akaike Information Criterion 217 (AIC) score for each model and selected the best model as the one with the lowest AIC relative 218 to the other models. We generated 95% confidence intervals (CIs) by simulating 50 SFS 219
replicates from the best-fit run of the best-fit model. Next, we performed the same 50 replicate 220 analyses described above for each of the 50 newly simulated SFSs. 221
For divergence times, our final results are in generations and we refrain from converting 222 this estimate to years before present because the generation time for ice worms is not known. Table 1 ). Mean differentiation (FST) for all pair-wise comparisons was 0.439. The Learnard 250 population from southern Alaska was, on average, the most differentiated from all others (mean 251 FST = 0.504) and White Mantle the least differentiated (mean FST = 0.383; Table 2 ). We detected 252 no association between genetic and geographic distances in either of the study area-wide Mantel 253 tests (Mantel's r, all populations = -0.04, P = 0.42; Mantel's r, no Vancouver Island populations 254 = 0.15, P = 0.36). There was, however, a signature of IBD within group II (Mantel's r, group I = 255 0.839, P = 0.025) but not within group I (Mantel's r, group II = 0.839, P = 0.082). 256
234
Our DAPC analyses supported K = 6 as the optimal number of genetic clusters (Fig.  257 3A,C). ADMIXTURE results, however, supported K = 7 as the best-fit (Figs. 3B,C) and the 258 SVDQuartets phylogeny largely mirrored both lines of population structure evidence (Fig. 3D) . 259
All analyses supported multiple independent genetic clusters of ice worms. Our DAPC and 260 ADMIXTURE results differed in two ways: (1) the best-fit DAPC result grouped the Treaty, 261
Bear, and William Brown populations into one cluster whereas the best-fit ADMIXTURE result 262 split William Brown into its own cluster. This difference accounted for the K = 6 versus K = 7 263 discrepancy between the approaches. (2) While both analyses identified a single individual 264 (MS5) from the Mariner population with genetic assignment to the Learnard cluster, DAPC 265 indicated full assignment of MS5 to the Learnerd cluster whereas Admixture equally assigned it 266 to both the Learnerd and Comox+Mariner clusters (Figs. 1, 3) . Finally, because our SNP filtering 267 focused on overarching patterns in the data set, and likely overlooked some degree of 268 population-specific detail, our results are likely conservative estimates of genetic structure in the 269 group. 270 271 
283
Our fineRADstructure results largely mirrored those from DAPC, identifying the same 284 six genetic clusters. As in the Admixture results, MS5 exhibited evidence for shared ancestry 285 between the Learnard and Comox/Mariner genetic clusters (Fig. 1) . On average, MS5 exhibited a 286 ~70/30 split of shared ancestry between Learnard and Comox/Mariner ice worms (Fig. 1) . 287
Notably, MS5 also exhibited the highest heterozygosity of any individual in the study (and this 288 result did not stem from outsized coverage, Fig. S3 ). Our fineRADstructure results also 289 highlighted a primary divergence between two groups of ice worm populations (groups I and II; 290 Fig. 1 ). This split was corroborated by both SVDQuartets (Fig. 3) and FST comparisons. Mean 291 pairwise FST among populations within groups I and II were 0.21 and 0.30, respectively. 292
Between groups, however, mean pairwise FST was 0.60. Mean distance to the Pacific Ocean also 293 differed by 100.5 km (group I = 73.3 km, group II = 173.8 km; ANOVA, P < 0.001). 294
295
Demographic modeling 296
Our tests of demographic models for groups I and II identified a history of divergence 297 without gene flow (model M1) as the best fit to our data ( Fig. 2B ; Table S1 ). All other models 298 were rejected with ΔAIC ³ 9.1 (Table S1 ). The second-best model (M2) included unidirectional 299 gene flow from group I into group II ( Fig. 2A) , while models M3 and M4 included gene flow 300 from group II into group I, resulting in ΔAIC scores ³ 118.4. Groups I and II diverged 301 approximately ~250,000 generations ago (Fig. 2B) . 302 303
Discussion: 304
Historical and contemporary factors, both biotic and abiotic, interact to shape the present-305 day genetic structure of populations and species. Disentangling their varied contributions can be 306 difficult, however, particularly when evolutionary histories are muddled by unexpected events 307 (e.g., LDD of an organism with limited potential for active dispersal). The modern population 308 genomic toolkit provides historically unprecedented power to resolve biogeographical 309 complexity by allowing more quantitative perspectives of relatedness and greatly improved 310 resolution of genetic independence or similarity [47] . In this study, we used a population 311 genomic data set to refine understanding of the evolutionary history of the extremophile, glacier-312 obligate ice worm, M. solifugus. Our results provide a clear genomic perspective of LDD, 313 showing unequivocally that migration has occurred between southern Alaska and the glaciers of 314
Vancouver Island ~1,900 km to the south and across the Pacific Ocean. We also provide an 315 independent line of biological evidence in support of the geological hypothesis that ice ridges 316 formed along the crest of the Coast Mountains during the Pleistocene [29] . 317 318
Ice worm biogeography and LDD 319
The recent biogeographic history of ice worms appears to have been shaped by three 320 main factors: i) ice sheet dynamics, ii) mountaintop isolation from conspecifics following the 321 retreat of Pleistocene ice into higher elevations, and iii) LDD. 322 323 i. Evidence for the first, overarching factor that has defined the recent evolution of ice 324 worms lies in our overwhelming support for the deepest divergence between two 325 groups (I and II) which fall largely on either side of the Coast Mountains in western 326
North America. During the Pleistocene (~2.5 million-11,700 years ago), western 327 Canada was repeatedly covered by a continental ice sheet [29] . Ice was generated in 328 the high peaks of the Coast Mountains and subsequently flowed west to the Pacific 329
Ocean and east to the interior of British Columbia from the crest of the range [29, 48, 330 49] . This potential western-eastern divergence in ice worms aligns with this divide, 331
suggesting that each group diverged in allopatry from their conspecifics. The timeline 332 of this divergence, however, is unclear. Our results suggest ~250,000 generations 333 have passed since the initial divergence but with no knowledge of generation times 334 for ice worms, nor related species at very low temperatures, we cannot provide a 335 reliable estimate of years before present. If ice worms develop rapidly, with multiple 336 generations per year (e.g., ≥ 3), the divergence may have occurred less than 100,000 337 years ago. However, if ice worms develop slowly (e.g., one generation for every five 338 years)-the split may have occurred over a million years ago. Either way, the split 339 appears more recent than estimates from mitochondrial DNA of ~1.7 million years 340 ago [25] . At its maximum, the Pleistocene ice sheet in the region was a ~2,000-3,000 341 m high convex dish with gentle interior slopes that steepened at its periphery [29, 50] . 342
Given the sensitivity of ice worms to extreme cold [25] , populations likely only 343 persisted on the ice sheet margins, as supported by their present-day occurrences on 344 the lower flanks of higher elevation, low-latitude glaciers. It is possible that, as 345 suggested previously [25, 27] , the Boundary Ranges (the most northern subrange of 346 the Coast Mountains), are actually the biogeographic barrier that drove the deep 347 divergence in ice worms described in this study. However, without more fine-scale 348 population genomic sampling on both sides of the Coast Mountains (including the 349 Boundary Ranges), this nuance of ice worm biogeography will remain unclear (see 350 ice worms, we hypothesize that populations comprising groups I and II have accumulated some 390 degree of reproductive isolation. This inference is supported by our demographic modeling 391 which rejected models involving gene flow from group II into group I. While this may be at least 392 partly linked to directionality in migration (e.g., bird movements), the strength in which these 393 models were rejected suggests that a zygotic barrier may be limiting inter-group migrants from 394 leaving a genomic signature of gene flow. It is also possible, and perhaps likely, that patterns of 395 LDD in ice worms is driven by vector migration patterns. For instance, L. tephrocotis, like other 396 songbirds [55] , may preferentially follow coastlines during migration. However, until more is 397 known about the specific interactions of ice worms with various bird species, and by proxy, their 398 potential to act as LDD vectors, relating bird migrations to ice worm distributions and 399 demography will remain difficult. Beyond ice worms, ice sheets have been implicated as a key 400 driver of speciation in boreal birds [56] and phylogeographic structure of many taxa, from 401 nematodes to gray wolves [17, 30, [57] [58] [59] [60] , and our results clearly support these broader 402 implications for biodiversity accumulation and maintenance in North America. 403
404
Conclusions 405
In this study, we leveraged population genomic data to unravel the complex evolutionary 406 history of the North American ice worm, M. solifugus. Our results add new clarity to previous 407 perspectives on ice worm biogeography while also lending genomic support to the existence of 408 contemporary, likely passerine-mediated LDD in the group. We described two genetic grouping 409 (I and II) which are described with respect to the crest of the Coast Mountains, where ice ridges 410 formed during the Pleistocene [29] . While the phylogenetic data used in this study (i.e., the lack 411 of an outgroup) preclude us from diagnosing groups I and II as monophyletic, given the results 412 of previous studies [24, 25, 27] , we predict that future efforts will diagnose them as such, 413 perhaps even representing two nascent species. Finally, our genomic data lend support to the 414 glaciological record in the region, adding a biological line of evidence to a postulated key north-415 south dividing line along the crest of the Coast Mountains where ice ridges likely formed during 416 the Pleistocene and repeatedly propagated ice flow to the east and west [29] . This potential for 417 genomics to inform the geological record is intriguing and ice worms, as a rare glacier-obligate 418 macroinvertebrate, may be an ideal taxon for similar studies in the future. 
